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Channeling of proteins across biological membranes through
nanometer-scale pores is a process common to all living cells [1,2].
In all identiﬁed pathways the transfer of proteins across the lipid bi-
layer requires an assembly of proteins, which recognize the polypep-
tide to be translocated, mediate its insertion into a pore, facilitate
the transfer through the pore, and drive the movement so that the
transport becomes vectorial. In outer membranes of mitochondria,
the translocon at the outer membrane of mitochondria (TOM) is
such a molecular machine evolved for this function [3–6]. Within the
TOM complex, Tom40 represents the pore for transport of virtuallyall cytosolic proteins destined for mitochondria. It forms a cation-
selective, hydrophilic channel [7–11], which binds to mitochondrial
pre-sequences [12,13] and facilitates translocation of unfolded or par-
tially folded proteins from the cytosol to the inter-membrane space of
mitochondria [14,15]. Tom40 is an essential component of the TOM
complex and alreadymoderate reduction of the Tom40 protein content
shows a drastic reduction of precursor protein import manifesting
the central role of this protein in translocation [16]. In addition, speciﬁc
mutations of the Tom40 amino acid sequence resulted in an ineffective
transfer of preproteins to the mitochondrial inner membrane protein
translocase TIM23 [17]. All results together indicate that the Tom40
channel is not a passive pore, but plays an active role in protein sorting
for all sub-mitochondrial locations.
The secondary structure of Tom40 from several organisms has been
investigated by CD and FTIR spectroscopy. These studies revealed an
enriched β-sheet secondary structure, similar to the mitochondrial
voltage-dependent anion channel VDAC [10,18–20]. Consistently, a
β-barrel conformationwas postulated early on [21,22]. Recentmodeling
of the Tom40 structure based on the mouse VDAC-1 [23] is consistent
with the existence of 19 β-strands and one N-terminal α-helical seg-
ment located inside the pore [24–26].
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cross-linked to the cis and trans site of Tom40 [12]. This interaction is
speculated to be essential to prevent precursor protein aggregation
[13]. A subsequent mapping of the interaction sites within the prese-
quence revealed that Tom40 is in close contact with the central region
of the presequence while the N-terminus is bound to the inter-
membrane space domain of Tom22 [27]. In Tom22mutants interactions
between the N-terminus of the pre-sequence and Tom40 are observed
[27]. Remarkably, by a similar strategy using full length protein fused
to DHFR cross-links between Tom40 and the mature domain but not
with the presequence were observed [27]. Thus, a speciﬁc binding
motif within pre-sequences for the interaction with Tom40, which can
only be transient, has not yet been identiﬁed. Based on this ﬁnding it
is tempting to assume that the mode of interaction between Tom40
and precursor proteins parallels themode of chaperone-substrate inter-
action by exhibiting a speciﬁc surface for the recognition of hydropho-
bic or polar stretches [28].
The analysis of puriﬁed Tom40 protein and of the TOM core com-
plex after reconstitution into planar lipid bilayers indicated that
Tom40 forms a cation selective membrane pore with an estimated
inner pore diameter of 20 to 25 Å [7,10,19,29,30]. At high voltages,
the channel revealed a complex gating behavior indicating ﬂuctuation
between different conformational states [7,19,31]. As expected, mito-
chondrial pre-sequence peptides were signiﬁcantly more potent
in blocking the pore than the synthetic non-mitochondrial model
peptides [32].
In summary, Tom40 engages multiple interactions with precursor
proteins and TOM complex components. Inspired by the solved struc-
ture of VDAC, several homology models were generated [24–26]. Re-
markably, however, they could not yet explain the multitude of
properties observed by biochemical and biophysical means. Here,
we aimed at a structural description of the protein topology and its
support by biochemical studies. We built a homology model using
a consensus alignment approach to construct a multiple sequence
alignment from a non-redundant set of ~270 Tom40 and ~480
VDAC amino acid sequences. Our alignment approach allowed detect-
ing homologous secondary structure elements of these two divergent
but phylogenetically related protein families. The structural architec-
ture is displayed for Tom40 from Neurospora crassa (NcTom40) and
the model is supported by peptide-bond accessibility probed by enzy-
matic hydrolysis. Mapping the properties of the ensemble of Tom40
sequences in our data set onto the model reveals conserved amino
acid residues out- and inside the pore, which may play key roles in
the assembly of the protein translocation machinery TOM and the
transport of precursors, respectively. Based on the model we can rec-
oncile many of the established results.
2. Material and methods
2.1. Puriﬁcation and preparation of NcTom40 for proteolysis
Tom40 protein was puriﬁed from mitochondria of N. crassa strain
GR-107 that comprises a hexahistidinyl-tagged form of Tom22. Puri-
ﬁcation was conducted accordingly as previously described
[10,31,33] with minor modiﬁcations regarding the buffers. Mitochon-
dria were solubilized in 1% (w/v) n-dodecyl-β-maltoside (DDM),
20 mM Tris-HCl pH 8.5, 20% (v/v) glycerol, 300 mM NaCl, 20 mM im-
idazole and 1 mM PMSF for 30 min at 4 °C. By applying an ultracentri-
fugation step (181,000×g, 40 min) extract was clariﬁed and further
bound to a nickel-nitriloacetic acid column (GE Healthcare). The col-
umn was washed with 0.1% (w/v) DDM, 20 mM Tris–HCl pH 8.5, 10%
(v/v) glycerol, 300 mM NaCl, 1 mM PMSF, before Tom40 was eluted
with 3% (w/v) n-octyl-β-D-glucopyranoside (OG, Glycon), 20 mM
Tris–HCl pH 8.5, 2% (v/v) DMSO or 10% (v/v) glycerol. Peak fractions
of OG elution step were pooled and concentrated with a 50 kDa
MWCO ﬁlter (Sartorius) to a ﬁnal protein concentration of 2 to10 mg/ml. Concentrated protein sample was further dialysed (6–
8 kDa MWCO; Spectrum Laboratories, Inc.) against 100× the volume
of OG elution buffer at 4 °C overnight by stirring. Final sample was
then diluted with OG elution buffer to a ﬁnal protein concentration
of 1 mg/ml for proteolysis and stored at 4 °C. Protein purity was ex-
amined by sodium dodecyl sulfate gel electrophoresis and staining
with Coomassie Brilliant Blue. Determination of protein concentration
was carried out via UV absorbance spectroscopy at 280 nm with a
NanoDrop ND-1000 spectrophotometer (Thermo Fischer Scientiﬁc).
The protein concentrationwas then calculated using an extinction coef-
ﬁcient of 35410 M−1 cm−1 estimated by primary sequence analyses of
NcTom40 via ProtParam on the EXPASY.org proteomics server [34,35]
with the tyrosine and tryptophan extinction coefﬁcients of Pace et al.
[36].
2.2. Proteolysis
Proteolysis of NcTom40 was performed in vitro on the basis of pre-
vious methods [37]. 2 μg of NcTom40 in 50 μl of 3% (w/v) n-octyl-β-
D-glucopyranoside, 20 mM Tris–HCl pH 8.5 and 2% (v/v) DMSO
were incubated with either 0.2 μg Asp-N, Lys-C, Glu-C or Trypsin at
a protein ratio protease of 1:10 (w/w) at 25 °C. 50 μl aliquots for SDS-
PAGE analysis were taken after 10 s, 1 min, 5 min, 15 min and 30 min.
10 μl aliquots for mass spectrometry analysis were taken after 1, 10,
60 and 240 min. Digests were stopped by acidifying the aliquots with
1 μl of 10% TFA and putting them on ice. For ESI-MS/MS experiments
samples were passed through 10 kDa cut off Nanosep ﬁltration units
(Pall, Ann Arbor, United States) to remove undigested protein and
part of the detergent.
2.3. Mass spectrometry
Peptide mass ﬁngerprints and MALDI-TOF-TOF spectra of
NcTom40 digests were acquired on an Autoﬂex III MALDI-TOF-TOF
mass spectrometer (Bruker Daltonics, Bremen, Germany). The instru-
ment was operated in the positive ion mode and externally calibrat-
ed using peptide calibration standards (Bruker Daltonics, Bremen,
Germany). NcTom40 protein digests were desalted and concentrated
using micro-C18 ZipTips (Millipore, Schwalbach, Germany) according
to the manufacturer's protocols. Peptides were eluted directly onto a
stainless steel target using a HCCA (α-Cyano-4-hydroxycinnamic acid)
matrix solution (5 mg/ml in 50% ACN/ 50% 0.1% TFA, v/v). Peptide
mass ﬁngerprint data and MS/MS spectra were recorded in reﬂector
mode using an accelerating voltage of 21 kV. Peptide mass ﬁngerprint
spectra were analyzed in the MS mode with 2000 laser shots per
sample to ensure good S/N quality. MS/MS analysis was done with
varying number of laser shots. Flex Analysis 3.0 and Bio-Tools 3.0
software (Bruker Daltonics, Bremen, Germany) were used for data
processing.
Nano-LC-ESI-MS/MS experiments were performed on an ACQUITY
nano-UPLC system (Waters, Milford, USA) directly coupled to a LTQ-
Orbitrap XL hybrid mass spectrometer (Thermo Fisher, Bremen,
Germany). Digests of NcTom40 were concentrated and desalted on a
precolumn (2 cm×180 μm, Symmetry C18, 5 μm particle size, Waters,
Milford, USA) and separated on a 20 cm×75 μmBEH 130 C18 reversed
phase column (1.7 μm particle size, Waters, Milford, USA). Gradient
elution was performed from 1% ACN to 50% ACN in 0.1% FA within
1 h. The LTQ-Orbitrap XL was operated under the control of XCalibur
2.0.7. software. Survey spectra (m/z=250–1800) were detected in
the Orbitrap at a resolution of 60.000 at m/z=400. Data-dependent
tandemmass spectra were generated for the ﬁvemost abundant pep-
tide precursors in the linear ion trap. For all measurements using the
Orbitrap Detector internal calibration was performed using lock-
mass ions from ambient air.
Mascot™ 2.2 software (Matrix Science, London, UK) was used for
protein identiﬁcation from MALDI-TOF and ESI-MS/MS experiments.
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downloaded as FASTA-formatted sequences from ftp://ftp.ncbi.nih.
gov/blast/db/FASTA/nr.gz. Search parameters for MALDI-TOF experi-
ments speciﬁed fungi as taxonomy, Asp-N, Glu-C, Lys-C or Trypsin as
cleaving enzyme allowing two missed cleavages, a 50 ppm mass toler-
ance for peptide precursors and 0.6 Da tolerance for fragment ions.
Due to the highermass accuracy of theOrbitrap analyzermass tolerance
for precursor ions in ESI-MS/MS experiments was set to 3 ppm. Carba-
midomethylation of cysteine residues was set as ﬁxed modiﬁcation,
methionine oxidation and N-terminal acetylation of proteins were
allowed as variable modiﬁcations.
2.4. Tom40 and VDAC sequences
Amino acid sequences of Tom40 and VDAC proteins were collected
from GenBank [38] and genome projects (Supplementary Table S2)
not included in GenBank by PSI-BLAST [39] and HMMER (http://
hmmer.org/). They were manually curated and a non-redundant se-
quence set was produced by cd-hit [40] leaving 266 Tom40 and 485
VDAC sequences in the full dataset.
2.5. Multiple sequence alignment
Multiple sequence alignments (MSAs) were created with MAFFT
v6.847b [41,42] and its iterative, progressive alignment method L-INS-
i (localpair, max. 1000 iterations). We tested BLOSUM 30, 45, 62, 80
[43] and JTT 50, 100, 150, 200, 250 matrices [44]. Gap open/extension
penalties (MAFFT parameters op and ep) were tested in the ranges
2.5–3.0 and 0.06–0.175, respectively, for their ability to produce MSAs
of VDAC and Tom40, which contain as few gaps as possible in regions
of Tom40 aligned to the core regions of transmembrane β-strands
of VDAC. For each matrix-parameter combination 50 MSAs were calcu-
lated with the input sequences in different orders. The JTT200 matrix
and 2.65 gap-open, 0.15 gap-extension worked best and with these pa-
rameters 1000 MSAs were calculated with random succession of the
input sequences in the FASTA ﬁle supplied to MAFFT. But we required
a unique order of the ﬁrst 10 sequences for each FASTA ﬁle to avoid a
bias in the guide trees. From all 1000 MSAs a statistic was computed
on how often which region from NcTom40 was aligned to which
β-strand core region of mVDAC-1. Among the 1000 MSAs only 49
showed a gap-free alignment in all 19 β-strand core regions. Out of
these 49 MSAs only 27 contained the secondary structure elements
aligned in themost frequently occurring fashion. One of these very sim-
ilar 27 MSAs was chosen for reconstructing the phylogeny of Tom40/
VDAC and for homology modeling of NcTom40.
2.6. Homology modeling
Homology modeling of Tom40 from N. crassa was performed with
Modeller 9v7 [45,46] based on the template structure of VDAC from
Mus musculus solved at a resolution of 2.3 Å with an Rfree of 0.277
[23]. The alignment of target to template was taken from the MSA
of all VDAC and Tom40 sequences. Loop modeling and model optimi-
zation were performed with YASARA (www.yasara.org).
2.7. Analysis of sequence properties of Tom40
A plugin was written for YASARA to color a given structure based
on various amino acid properties. The plugin takes as input a MSA and
the type of analysis to perform. In here we use an MSA ﬁltered with
cd-hit [40] to a maximal sequence identity of 90% in order to reduce
the bias, which would otherwise be introduced by an overrepresenta-
tion of very similar sequences of closely related species. Each residue
in the selected structure is colored according to the average of all res-
idues in the respective column of the MSA either by hydrophobicity
(Supplementary Table S3) [47], side chain size (SupplementaryTable S3), degree of amino acid conservation, or degree of conserva-
tion of groups of amino acids of similar properties (Supplementary
Table S4).
2.8. Molecular graphics
Molecular graphics were created with Yasara (www.yasara.org)
and PovRay (www.povray.org).
3. Results and discussion
3.1. Homology modeling of NcTom40 required a speciﬁc alignment
process
We built a database of all available Tom40 and VDAC amino
acid sequences from GenBank, PFAM and several genome projects
(Supplementary Table S2), which could be identiﬁed by PSI-BLAST or
proﬁle HMM searches. The manually curated, non-redundant database
contained ~270 Tom40 and ~480 VDAC proteins. This database provid-
ed the base to develop a structural model of Tom40 using the sequence
from N. crassa as an example (Fig. 1A). The latter was chosen, because
this protein is well characterized [10,16,48–50] and was used in the
subsequent biochemical analysis. The protein shares ~60% sequence
similarity with the Tom40 protein from Saccharomyces cerevisiae, for
which numerous data exist as well [7,11,12,17,19].
We employed an iterative, progressive, local alignment method
(L-INS-i) implemented in MAFFT [41,42] to align all VDAC and
Tom40 contained in our database. This algorithm uses a guide tree,
whose topology depends on the order in which sequences are sup-
plied to the alignment program. Prompted by the diversity of the col-
lected sequences of Tom40 and VDAC we tested several parameter
and substitution matrix combinations for their ability to align regions
from NcTom40 to the core regions of the known transmembrane
β-strands of mouse VDAC [23] with a low gap frequency. We reasoned
that insertions and deletions show a tendency to occurmore frequently
between different secondary structure elements, that is between α-
helices and β-strands, than within them [51]. Based on this constraint
we observed that the JTT200 matrix [44] in combination with gap-
open and gap-extension penalty of 2.65 and 0.15, respectively, yielded
the best alignments.
From 1000 multiple sequence alignments (MSAs) computed with
these settings and different successions of the input sequences we cal-
culated the frequency of occurrence of equal alignments of regions of
NcTom40 to the core regions of each β-strand of mVDAC-1 (Fig. 1B).
In total 27 MSAs contained all most frequently aligned regions of
NcTom40 aligned to the β-strand core regions of mVDAC-1. Analyzing
the positioning within the alignments shows that the alignment to all
structural segments is robust with the exception of β-strands 2 and 4
(Fig. 1B). Thus, aligned regions of NcTom40 were assigned to the N-
terminal helix and the 19 transmembrane β-strands of VDAC (Supple-
mentary Figs. S1).
The highest noise level in the multiple sequence alignments is ob-
served for the β-strands β2, β4, and β6 (Fig. 1B). To assess the robust-
ness of the proposed β-strand positioning, we repeated our MSA
strategy for sequence sets reduced to a maximal sequence identity of
down to 70% in steps of 10% (Supplementary Fig. S2). With the excep-
tion of β2 the results presented in Fig. 1B were reproduced. For β2 we
observed an increase of the frequency of an alternative alignment
while lowering the maximal sequence identity. The alternative align-
ment suggests a two-residue shift of β2 in N-terminal direction. Thus,
for β2 we cannot completely rule out a slightly different alignment.
For the other two strands the original alignment remained themost fre-
quent one (Supplementary Fig. S2).
The β-strand β4, however, exposes a negatively charged residue
(E73) in mVDAC-1 to the lipid bilayer, which forms a binding site
for the antiapoptotic Hexokinase [52]. This moderately conserved,
Fig. 1. Homology model of Tom40. (A) The homology model of Tom40 from Neurospora crassa is colored from N- to C-terminus in a gradient from cyan, over green, yellow, red, and
magenta to blue. The membrane-inserted region of NcTom40 is approximately indicated on the left panel, and on the right panel the model is rotated by 90° around the x axis,
resulting in a view through the pore from the cytoplasm to the intermembrane space. (B) Our multiple sequence alignment strategy was applied to the full, non-redundant set
(black lines) of Tom40 and VDAC sequences. The frequency of occurrence of equal alignments of regions of NcTom40 to the helix and β-strand core regions of mVDAC-1 is
shown for the most frequently (black circles) and for the 2nd most frequently occurring aligned regions (gray circles) of NcTom40. (C) A schematic representation of the maximum
likelihood (ML) phylogeny of Tom40 and VDAC. The branch lengths in this schematic tree do not correspond to the frequency of amino acid substitutions; they only indicate the
topology of the ML tree.
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ic–hydrophobic pattern of transmembrane β-strands, which increases
the noise for β4 in theMSA. An alternative alignment, whose frequency
rises with decreasing maximal sequence identity of the Tom40/VDAC
sequence set (Supplementary Fig. S2), can be excluded, because it is in-
compatible with the robust alignment for the neighboring β-strand β3.
Interestingly, the support for β-strandsβ7-β19 is solid (N80%), especial-
ly for the extreme C-terminal β-strands β13-β19 (Fig. 1B, Supplementa-
ry Fig. S2). The lower support in theN-terminal region, however, reﬂects
a higher degree of sequence variability in this region compared to the C-
terminal part. A similar situation, where the N-terminal part of a trans-
membrane β-barrel is less conserved than the C-terminal part, was
reported for Omp85 [53].
To further test the validity of our alignment approach we recon-
structed a maximum likelihood phylogeny from one of those very
similar 27 MSAs representing the most frequent alignment. Our phylo-
genetic tree shows the known succession of Viridiplantae, Fungi and
Metazoa not only in the VDAC but also in the Tom40 clade (Fig. 1C;
Supplementary Fig. S3). The latter was not obtained in a previous
analysis [54]. However, sequences from protists, which show strongly
varying amino acid compositions, inserted between Viridiplantae/
Chromalveolates and Fungi/Metazoa in the VDAC clade. This insertion is
only weakly supported by bootstrap analysis (Supplementary Fig. S3).
Such a positioning of protist sequences is often a problem, which
can only be resolved when more sequenced protist genomes become
available.
Based on the analysis of the alignment frequency and the result of
phylogenetic tree reconstruction the alignment obtained was consid-
ered suitable to build a homology model of Tom40 from N. crassa
(Fig. 1A) using the crystal structure of murine VDAC [23] as a tem-
plate. Remarkably, comparing our model with the model by Zeth[25,26] differences in assignment of β-strands β1 to β5, β9 and β10
are revealed. In Zeth's model of human Tom40 β1-β3 and β10 are
shifted in C-terminal direction relative to our assignment of β-
strands (Supplementary Fig. S1C) by 2, 4, 3, and 1 residues, respec-
tively. In contrast, β4, β5, and β9 are shifted in N-terminal direction
by 3, 2, and 1 residues, respectively.
As previously noticed, Tom40 shows the characteristic properties
known fromprokaryoticβ-barrel proteins [55,56].Mapping the average
hydrophobicity derived for each sequence position from the ensemble
of Tom40 sequences onto the model reveals the typical alternating pat-
tern of hydrophobic and hydrophilic residues in the transmembrane
β-strands (Supplementary Fig. S4). Also, the aromatic girdle is more
pronounced on the side of the intermembrane space than the cyto-
plasm, which is also the case for VDAC. Furthermore, the conserved
G323, which is assigned as a central amino acid of the β-signal respon-
sible for targeting of Tom40 to outer mitochondrial membranes [57], is
indeed positioned in β-strand β19.
The diameter of the pore of our homology model of NcTom40 is of
course similar to that of the structure of the template VDAC. However,
these pore dimensions match with prior studies on fungal Tom40s that
determined a diameter of 22–25 Å and a size exclusion for particles
with a diameter of maximal 25 Å [7,10,14]. Furthermore, the membrane
topology of Tom40 fromN. crassahas been assessed by antibody labeling,
revealing both the N- and C-terminus in the intermembrane space [58].
This strongly suggests that the N-terminus should thread through the
pore as is the case in VDAC [23] and as shown (Fig. 1A).
3.2. Protease-accessibility of isolated NcTom40
To support the homology model of NcTom40 (Fig. 1A) we per-
formed limited protease treatment coupled to mass spectrometry of
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NcTom40 adapted a functional fold after refolding as CD spectroscopic
analysis is consistentwith aβ-barrel-like structure (Fig. 2B, Supplemen-
tary Table S1) [7,10,19]. The properties of the protein after reconstitu-
tion into black lipid bilayers were in line with previous experiments
[31,32].
Puriﬁed protein was then incubated with proteases Asp-N, Glu-C,
Lys-C and trypsin for 1, 10, 60 and 240 min each (one example is
shown in Fig. 2 C). After stopping proteolysis by acidiﬁcation
samples were directly subjected to MALDI-TOF and ESI-MS/MS anal-
ysis. Treatment of protein with Asp-N (Supplementary Fig. S5A),
Glu-C (Supplementary Fig. S5B), Lys-C (Supplementary Fig. S5C)
and trypsin (Supplementary Fig. S5D) revealed a characteristic pep-
tide pattern for each protease over the period of incubation. Most pep-
tides could be assigned to NcTom40 and are summarized in Table 1.
Two-thirds of all cleavage sites of NcTom40 cut after 1 min of di-
gestion were located in the predicted loop regions of the protein (8
out of 12) (Fig. 2D and Supplementary Fig. S6). A number of putative
cleavage sites located in the core region of the protein (6) and to
some extent at the edge of the barrel (16) were not found to beFig. 2. Assessment of the topology of Tom40 from Neurospora crassa by limited proteolysis and
crassamitochondria. (B) CD spectra of Tom40 were measured from 190 to 250 nm. Noisy da
were accumulated and background corrected at 20 °C. (C) Limited proteolysis of NcTom40 w
and 2% (v/v) DMSO was incubated with Lys-C at a protein to protease ratio of 1 to 10 (w/w
homology model of NcTom40 is shown in a schematic representation. Light gray boxes ind
the pore interior. Loop residues are indicated by white circles. The residues at the beginni
β3 P93-T102, β4 Q104-D112, β5 G115-Y123, β6 R128-I137, β7 M143-G152, β8 F155-I162
β14 V243-L251, β15 Q266-D276, β16 S280-D287, β17 G290-K298, β18 T306-D314, β19 K3
periments are marked by color for all proteolytic enzymes, i.e. Asp-N, Glu-C, Lys-C and tr
(ii) 10 min (cyan), (iii) 1 h (yellow), (iv) 4 h (green). Amino acids cut C-terminally are s
mass spectrometry experiments. This means that in case of AspN, which cuts aspartate at its
mentary Fig. S6 the cutting sites are shown for each enzyme used and also residue numberaccessible to protease even after 4 h of digestion. Three peptide
bonds in the putative transmembrane strands β1 and β6 were readily
cleaved by Asp-N (A67), Lys-C (K132) and trypsin (R66) (Fig. 2D and
Supplementary Fig. S6). In comparable experiments using human
VDAC-1 speciﬁc protease cleavage in the middle of β-strands 1 and
6 at corresponding positions K31, D33, F102 and D103 were observed
as well (Supplementary Fig. S1C) [37,59]. This supports the model of
NcTom40 although it cannot completely rule out a false assignment
of β-strands 1 and 6. Alternative modeling taking into account
the proteolysis results was not continued, because it was clearly not
supported by the MSA. In summary, our results support the hypothesis
of a VDAC-like fold for Tom40 proteins.
3.3. Properties of the pore-inserted helix
Our model of NcTom40 contains a putative helix located at the
N-terminal end of the β-barrel domain inside the NcTom40 pore.
Two highly conserved, charged amino acid residues (E45 and R49)
are located at the N-terminal end of the helix. In VDAC four con-
served charged residues (mVDAC-1: D9, K12, D16, K20) are locatedmass spectrometry. (A) Coomassie-stained SDS-PAGE gel of NcTom40 puriﬁed from N.
ta below 200 nm due to optical density has been removed. For each CD spectra, 3 scans
ith Lys-C. NcTom40 in 3% (w/v) n-octyl-β-D-glucopyranoside, 20 mM Tris–HCl pH 8.5
) at 25 °C. Samples were taken at depicted times and analyzed by SDS-PAGE. (D) The
icate residues exposed to the membrane, medium gray boxes indicate residues facing
ng and end of an indicated β-strand (boxes) are as follows: β1 S63-V69, β2 L78-A86,
, β9 G173-Q181, β10 G188-Q196, β11 D205-Y214, β12 D218-A227, β13 A230-T240,
21-S327. The cutting sites determined by mass spectrometry from the proteolysis ex-
ypsin. The color code is as follows: cutting site detected after (i) 1 min (dark blue),
hown and colored according to the time of occurrence during the coupled digestion/
N-terminus, not aspartate itself, but the residue N-terminal to it is marked. In Supple-
s of cutting sites are given.
Table 1
Mass identity of time-dependent protease digestion of NcTom40.
Lys-C Asp-N
Exp. determined mass [M/z] Exp. determined mass [M/z]
1′ 10′ 60′ 240′ Peptide 1′ 10′ 60′ 240′ Peptide
3764.9 3764.8 3764.7 3764.9 2–34 1451.8 1451.8 1451.8 1451.7 2–14
4142.2 4142.1 4142.0 4142.2 35–71 1467.8 1467.8 1467.8 1467.7 2–14
3052.3 3052.3 3052.4 3052.3 133–160 2402.3 – – – 2–23
– 2349.3 2349.1 2349.1 216–237 968.5 – – – 15–23*
– – 2921.5 2921.4 238–265 3478.9 3479.0 – – 24–53
– 1865.0 1864.9 1864.9 275–289 1601.9 1601.9 1601.9 1601.8 54–67
– – 2409.2 2409.3 299–321 – 1617.9 1617.9 1617.8 54–67
– – – 3004.4*# 322–349*# – 1785.9 1785.9 1785.8 112–126
– – 4846.4 4846.3 68–111
– 1608.9 – – 127–141
2903.5 2903.6 – – 127–152
– 1313.6 1313.7 1313.5 142–152
– 1624.9 – – 153–167
– – – 2563.3 218–240
– – – 3646.7 241–275
– 1371.8 1371.7 1371.7 276–286
– 1387.8 1387.7 1387.7 276–286
*2114.0 – – – 312–331*
*158.7 – – – 332–345*
Trypsin Glu-C
Exp. determined mass [M/z] Exp. determined mass [M/z]
1′ 10′ 60′ 240′ Peptide 1′ 10′ 60′ 240′ Peptide
1451.7 1451.8 1451.7 1451.7 2–14 – – – 2660.3 8–31
3480.6 3480.7 – – 2–32 1601.9* – – *1601.9 32–45*
2047.9 2048.0 2047.9 2047.9 15–32 – – – 2800.4 90–114
1603.8 1603.9 1603.8 1603.9 35–49 1071.5* – – 1071.5 267–276*
2043.0 2043.1 – – 50–66 – – – 3353.8 298–329
– 1530.8 1530.8 1530.8 54–66 1260.6* – – *1260.6 330–340*
2136.0 2136.1 2136.0 2136.1 72–90 945.5* – – *945.5 341–349*
– – – 2152.1 72–90
– 3229.7 3229.6 3229.6 91–120
– – 3052.4 3052.4 133–160
2721.4 2721.5 2721.4 2721.5 161–186
1240.7 1240.7 1240.7 1240.7 187–197
– 1724.9 1724.8 1724.9 198–213
– 2640.4 2640.3 – 214–237
– – 2349.1 2349.2 216–237
– – – 3004.4*# 322–349*#
All masses were determined by MALDI-TOF except for ‘*’-marked masses/peptides, which were detected by ESI-MS after overnight incubation#. Note: Time displayed in minutes ′;
all peptides starting with amino acid ‘2’ were found to be acetylated; ‘ox’ corresponds to methionine oxidation; M/z values for ESI experiments (data not shown) are deconvoluted
and correspond to the uncharged molecular masses of the peptides; values of peptide masses are truncated to ﬁrst decimal place from data shown in Supplementary Fig. S5.
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share only a single overall conserved residue in the helix, namely
the conserved positive charge K12 in hVDAC-1, which aligns to R49
in NcTom40. This conservation might reﬂect an importance of this
position for the general pore properties.
Channel conductancemeasurements of full length and N-terminally
truncated versions of VDAC reconstituted into planar lipid bilayers sug-
gested that the N-terminal helix of this protein is involved in channel
gating [23,60–62]. Similar truncations of the region N-terminal of the
α-helix in human Tom40 have been shown to result in virtually non-
gating pores [20]. Thus, it can be speculated that the conserved charged
amino acid residues E45 and R49 of NcTom40 are involved in channel
gating.
Interestingly, in N. crassa and other Ascomycota, Tom40 sequences
contain a single amino acid insertion in the middle of the N-terminal
helix (73 of 102 sequences; in 47 cases a glutamine is inserted). Such
an insertion is neither present in Tom40 sequences from other taxo-
nomic groups nor in any VDAC sequence. The presence of this inser-
tion might have been caused by evolutionary adaptation probably
resulting in a transition of an α-helix to a π-helix as was recently
shown by an analysis of all protein structures deposited in the PDB
to be a common evolutionary event [63]. In line with such hypothesis,the two positions which correspond to V51 and T55 in NcTom40 sur-
rounding the insertion (Q52) show a conserved hydrophobic character
(Fig. 3C). Therefore, a π-helical conformation would be required in the
Ascomycota Tom40 to register with residues G246 and G272 located in
β-strands β14 and β15 of the NcTom40 barrel. In contrast, an α-
helical conformation for the N-terminal helix in Ascomycota would
lead to unfavorable interactions of the helix with the barrel wall.
Six conserved amino acid residues inβ-strands 11 to 16 (inNcTom40:
R213, S222, S234, D248, T270 and D287) deﬁne a clear feature of Tom40.
These residues align on a straight line, which crosses the pore from
the cytoplasmic to the intermembrane space face of the protein
(Fig. 3A). The line is capped by positively (R213) and negatively (D287)
charged residues on both ends. It contains three small polar residues
(S222, S234 and T270) and a single negatively charged residue (D248)
in between. Since all these six residues are highly conserved among
Tom40 proteins (Fig. 3A, Supplementary Fig. S7A) we hypothesize that
they form a conserved helix anchor region inside Tom40 channels.
Nearly all residues of this helix anchor region are in contact with
helix α1, with the exception of D287. Position S234 in NcTom40 is
also strongly conserved in VDAC (Fig. 3B; Supplementary Fig. S7B).
This serine (position 193) of hVDAC-1 is involved in hydrogen bonding
with the helix α1 [59]. In addition, H183 is in contact with the helix in
Fig. 3. Positions with conserved residue properties in Tom40. A close-up view of helix α1
and adjacent β-strands with the helix anchor region is shown. The sequences in the
MSA of Tom40 and VDAC were reduced to a maximal sequence identity of 90%. The de-
gree of conservation of amino acid groups (Supplementary Table S4) was calculated for
each column in this MSA for either (A) Tom40 or (B) VDAC and mapped onto the sur-
face of the homology model of (A) NcTom40 or (B) the crystal structure of mVDAC-1,
respectively. Only positions with at least 75% conserved residue properties are
shown. Residues are colored according to Supplementary Table S4. (C) The average
side chain size of Tom40 sequences was inferred from the MSA prepared as described
above and mapped onto the homology model of NcTom40. Only residues with average
values below−1 (Supplementary Table S3) are colored green, the others in gray. Back-
bone atoms from residues pointing into the membrane are colored in cyan. Green
marks G246 and G272 in the binding pocket for helix α1, occupied in all Tom40 by res-
idues with an average sidechain length of−0.414 and−0.253, respectively. The aver-
age hydrophobicity of V51 and T55, which dock in the groove, is −2.11 and −2.58,
respectively, according to Kyte and Doolittle (Supplementary Table S3).
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which is also capable of hydrogen bonding with the helix. Thus, this re-
gion most likely forms an interaction surface for helixα1. As the amino
acid composition of the helix anchor region ismore restricted in Tom40
than in VDAC (Fig. 3A and B; Supplementary Fig. S7) and helixα1 is pro-
posed to move within the pore during gating events [23,60–62], the
helix might be more tightly controlled in Tom40 than in VDAC. If the
helix moves indeed during gating events, also residue D287 might be
able to interact with the helix.An involvement of the helix anchor region in binding helix α1 is
supported by our ﬁnding that two positions (NcTom40: G246 in β14,
G272 in β15) form a binding pocket for helix α1 and are occupied by
residues with on average short sidechains not only in VDAC, but also
in Tom40 (Fig. 3C). Further, the hydrophobic character of two residues
corresponding to the interacting hVDAC-1 residues L10 (α-helix) and
V143 (β-strand β9) is conserved to at least 75% in Tom40 (NcTom40:
I47 and L180, Fig. 3A). The according two residues in VDAC were
shown to be important for the stability of the β-barrel of human
VDAC-1 [64]. These results are in line with former studies on a
temperature-sensitive yeast strain, where Leu66, which corresponds
to Ile47 in N. crassa Tom40, was mutated to proline [49,65]. We postu-
late that the N-terminal helix stabilizes the overall β-barrel structure,
and that at least Ile47 and Leu180 are involved in arresting the N-
terminal helical region to the interior barrel wall.
3.4. The polar slide in the pore interior
Besides the polar helix anchor region (Fig. 3) we observed a ‘polar
slide’ on the other side of the channel wall (Fig. 4A), which does not
exist in VDAC (Fig. 4B, Supplementary Fig. S8). We mapped the aver-
age hydrophobicity for each residue derived from the MSA of all
Tom40 sequences onto the surface of the homology model of
NcTom40. This reveals a conserved ‘polar slide’ running from the cy-
toplasm to the inter-membrane space spanning β-strands β3 to β8
(Fig. 4C). The slide is framed by two hydrophobic patches (labeled 1
and 2 in Fig. 4A and C). Opposed to the ‘polar slide’ two hydrophilic
patches are located (labeled 3 and 4 in Fig. 4A, Supplementary Fig.
S8), which are separated by a binding region for the linker of helix
α1 and β-strand β1. The ‘polar slide’ is not so much characterized
by conserved groups of amino acids (Fig. 4D, Supplementary Table
S4), but instead by a conservation of hydrophilic property (Fig. 4A
and C).
In maltoporin of gram negative bacteria, however, a similar situa-
tion exists with a ‘greasy slide’ formed by aromatic residues [66]. This
greasy slide is important for substrate binding [67]. The substrates of
Tom40, the mitochondrial targeting signals, have a capacity to form
amphiphilic helices [68–70]. Thus, the polar slide might be involved
in the recognition of the targeting signal similar to the polar ‘gluta-
mine face’, which was discovered for the human Tom20 [71–74] to
be involved in precursor protein binding [75]. Additionally, a
chaperone-like function of Tom40 has been demonstrated [13],
which might be fulﬁlled by the polar slide. Alternatively, the polar
slide might provide a surface, which thermodynamically favors move-
ment of the translocating polypeptide chain relative to the pore.
Remarkably and at the ﬁrst glance contradicting our model, a trun-
cation mutant of Tom40 from Rattus norvegicus lacking the ﬁrst 165
residues (rTom40-Δ(1–165)) formed a sucrose-permeable pore, as-
sembled into 170 kDa oligomeric complexes in vitro, and retained
the capability to bind and partially translocate preproteins although
to a lesser extent than the wild-type protein [18]. According to our
model the ﬁrst ﬁve β-strands are missing in this mutant. However, al-
though half of the β-strands forming the polar slide are absent in the
mutant, this particular mutant would result in the formation of an al-
ternative slide assuming a comparable β-strand positioning as in the
wild-type protein (Supplementary Fig. S9) as β-strand β19 pairs in a
parallel fashion with β6. Consequently, β-strands β18 and β19
would contribute their hydrophilic (labeled ‘3’ in Fig. 4A and C and
Supplementary Fig. S8A) and hydrophobic positions to the formation
of this alternative slide substituting for some of the lost positions of
the polar slide in β2-β5 (Supplementary Fig. S9A). This explains that
the protein is still functional, although the ﬁrst ﬁve β-strands are not
present. Considering the model by Zeth [25,26] one could not explain
the behavior of this mutant, as the polar slide could not be detected in
the full-length protein in the ﬁrst place. The latter is the result of the
different β-strand assignments (see Section 3.1); especially the shifts
Fig. 4. The polar slide in the pore of Tom40. (A) The β-barrel of Tom40 was cut open to show in a surface representation (left panel) the polar slide and two hydrophobic patches
(labels 1, 2) and the hydrophilic patches (right panel; labels 3, 4). The sequences in the MSA of Tom40 and VDAC were reduced to a maximal sequence identity of 90%. Only
Tom40 sequences were used to calculate the average hydrophobicity for each column in this MSA and mapped onto the surface of the homology model of NcTom40. Red marks
on average strongly hydrophilic positions (−4.5 to −1.6), yellow an average medium hydrophilicity (−1.6 to −0.4), and green marks on average hydrophobic positions (−0.4
to 4.5). In (B) the crystal structure of murine VDAC is shown in the same orientation as NcTom40 in (A), and is also colored by the average hydrophobicity. In (A) and (B) the struc-
ture on the right is rotated clockwise by 120° around the Y axis with respect to the structure on the left side. In (C) and (D) a schematic representation of the NcTom40 homology
model is shown. Medium gray boxes indicate residues exposed to the membrane, light gray boxes indicate residues facing the pore interior. Loop residues are indicated by white
circles. Residues of the helix anchor region are colored in dark gray. The residues at the beginning and end of an indicated β-strand (boxes) are as follows: β1 S63-V69, β2 L78-A86,
β3 P93-T102, β4 Q104-D112, β5 G115-Y123, β6 R128-I137, β7 M143-G152, β8 F155-I162, β9 G173-Q181, β10 G188-Q196, β11 D205-Y214, β12 D218-A227, β13 A230-T240, β14
V243-L251, β15 Q266-D276, β16 S280-D287, β17 G290-K298, β18 T306-D314, β19 K321-S327. In (C) residues assembling the polar slide between the two hydrophobic patches
(labels 1, 2), and residues of the two hydrophilic patches (labels 3, 4) are colored by the average hydrophobicity, which was calculated as described in (A). Red indicates strongly
and yellow moderately hydrophilic positions, whereas green marks hydrophobic positions; dark gray indicates the positions belonging to the helix anchor region shown in (D). In
(D) residues are colored by conservation of properties/amino acid groups as in Fig. 3A; the color code is given in the ﬁgure and in Supplementary Table S4.
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dues destroyed the structural motif. Another factor is the diameter
of the mutant's pore. VDAC has an elliptic minimal cross-section of
27×14 Å with the helix present, but is almost circular without it
[23]. Estimating the diameter and cross-section [55] of the mutant –
assuming a circular shape of the pore – shows that the diameter de-
creases to ~20 Å, but the area of the cross-section increases slightly,
because of the missing helix. All things considered, the suggested
formation of an alternative slide and a sufﬁciently wide pore in this
truncated protein would support the assumption that the polar slide
is involved in precursor protein recognition or translocation, and
explains that the afﬁnity for precursor proteins is only reduced but
not lost in the mutant.
In agreement with these results, former studies revealed that
the inner wall of the Tom40 pore has the ability to interact with an
unfolded or loosely folded segment exposed in the translocating pro-
tein through hydrophobic interactions [13]. Further, except for the
two hydrophobic patches lining the polar slide (Fig. 4A and C), the
pore interior, including the α-helix, is mostly hydrophilic. This is in
good agreement with single channel analysis on Tom40, revealing it
to expose a hydrophilic interior [7]. We suggest that the interaction
or binding site for pre-proteins [7,12,18,24] inside the Tom40 pore
is formed by the polar slide (Fig. 4).
3.5. Membrane interface of the β-sheet
Tom40 is a component of the TOM complex. Electron microscopy
revealed that large portions of the channel exterior are covered by inter-
actions with other proteins in the complex [10,33,76]. Thus, bindingFig. 5. Putative binding sites on the β-barrel surface of Tom40. Shown are conserved regions on
Medium gray boxes indicate residues exposed to the membrane, light gray boxes indicate re
the helix anchor region are colored in dark gray. The residues at the beginning and end of a
Q104-D112, β5 G115-Y123, β6 R128-I137, β7 M143-G152, β8 F155-I162, β9 G173-Q181, β
Q266-D276, β16 S280-D287, β17 G290-K298, β18 T306-D314, β19 K321-S327. Residues of t
of the β-barrel highlighted in gray mark potential interactions surfaces. The unlabeled gray
face of VDAC. The sequences in the MSA of Tom40 and VDAC were reduced to a maximal se
erties. A residue is colored only, if the level of conservation is at least 75%. The amino acid g
degree of amino acid conservation. The darker the blue, the more conserved the respectiveregions on the outer surface of the pore should be discernible by a stron-
ger conservation of residues in comparison to lipid-exposed regions
due to the existing evolutionary pressure enforced by protein–protein in-
teractions [77]. Indeed, two regions on the channel surface attracted our
attention with respect to conserved patches.
The ﬁrst region, termed region I, is located in β-strands β1 to β3,
where seven positions show conserved amino acid properties
(Fig. 5). Four of them are aromatic (F79, Y94, F96, Y100), two are pos-
itively charged (K71, H83) and one a glycine (G115). G115 seems
only to be conserved to form the sharp β-turn between β-strands
β4 and β5. The conserved patch spans the whole membrane. The con-
served, charged residue (H83) is present in Tom40 (Fig. 5) whereas in
VDAC this position is not conserved. Replacement of amino acids S82,
H83 and Q84 of NcTom40 with alanine, respectively, resulted in a se-
verely destabilized TOM complex in mild detergent solution in com-
parison to wild type TOM [48]. In addition, this mutant of NcTom40
accumulated into a 250 kDa intermediate rather than into the wild
type TOM complex with a molecular mass of 400 kDa. Thus, region I
most likely represents either a Tom40 dimerization surface or an in-
teraction site for the helical region of other Tom subunits. In line
with this notion, the corresponding region in VDAC is directly adja-
cent to the proposed homo-dimerization interface of hVDAC-1 [59],
which is highlighted in Fig. 5.
The second region, termed region II, was identiﬁed in β-strands β8
to β11 (Fig. 5). These conserved positions do not span the whole
membrane but concentrate in a region reaching from roughly the bi-
layer midplane to the intermembrane space. This region is character-
ized by a polar/charged patch, which is formed by residues D154,
Q181 and T184. In N. crassa, deletion of amino acid T184 and itsthe membrane-exposed surface of a schematic representation of the β-barrel of Tom40.
sidues facing the pore interior. Loop residues are indicated by white circles. Residues of
n indicated β-strand (boxes) are as follows: β1 S63-V69, β2 L78-A86, β3 P93-T102, β4
10 G188-Q196, β11 D205-Y214, β12 D218-A227, β13 A230-T240, β14 V243-L251, β15
he helix anchor region are marked by crosses and positionW219 by an asterisk. Regions
region on the left in (A) and (B) corresponds to the proposed homodimerisation inter-
quence identity of 90%. In (A) residues are colored according to their conserved prop-
roups and the assigned color are indicated. In (B) residues are colored according to the
amino acid.
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signiﬁcant TOM assembly defect. Tom40 accumulated in an interme-
diate below 100 kDa [48]. The same result was observed when these
three residues were replaced by alanine, respectively. It can be sug-
gested that not only region I but also region II plays a role in the
TOM complex assembly.
Next to the polar/charged patch in region II is a small patch of hy-
drophobic residues with long sidechains (L187, L189). Both patches
are bordered by aromatic positions in β-strands β8, β9 and β11
(Fig. 5). C-terminal of region II between the strongly conserved
Y214 in β11 and F235 in β13 (Fig. 5) is the moderately conserved
W219, for which a mutant was generated in Tom40 of Saccharomyces
cerevisiae (W243R [17]). This mutation results in an inefﬁcient trans-
fer of precursor proteins to the Tim23 complex. A similar phenotype
was observed for the deletion of the intermembrane space domain
of Tom22 [78–81]. However, the transfer of the precursor proteins to
the Tim22 complex is not affected by this mutation of Tom40, which
means that the interaction of the TOM complex with the tiny Tims is
not affected. Thus, the effect of the W243R mutant of ScTom40
might be interpreted as a disturbance of the interaction of Tim21
with the TOM complex [80,81]. Therefore it is tempting to suggest
that NcW219 and the conserved amino acids in the neighboring
β-strands β11 (NcY214) and β13 (NcF235, Fig. 5) are required to coor-
dinate the interaction of Tom22 and Tim21.
Conserved positions in β-strands β8 to β13 of Tom40 occur only in
the region of the intermembrane space leaﬂet of the membrane
(Fig. 5). The highest concentration of conserved positions on the out-
side of the β-barrel is located in β-strands β8 to β10, which is very in-
triguing as this conservation occurs where the helix anchor region
and the “polar slide”meet on the inside of the barrel (Fig. 4). A logical
assumption is that with this region probably component(s) interact,
which provide the trans-binding region of the TOM complex, guiding
the precursor further along its intended import route.
4. Conclusion
We have presented a detailed analysis of the general properties of
the protein-conducting channel of the TOM complex based on a ho-
mology model of Tom40 from Neurospora crassa. The model is distinct
from earlier proposals and well supported by bioinformatic evalua-
tion and mass spectrometry-coupled limited proteolysis. Transmem-
brane β-strands in previously published models are often shifted
by a few residues relative to our assignment. Especially shifts of an
uneven number of residues are problematic, because they hinder
the detection of structural motifs. Based on the multiple sequence
alignment and our model we have identiﬁed several conserved re-
gions on the in- and outside of the pore, which are probably involved
in protein translocation and/or assembly of the TOM complex. The
most peculiar features of Tom40 are its HELIX ANCHOR REGION of
six conserved polar/charged residues and the POLAR SLIDE, which
clearly discriminates Tom40 from VDAC. The helix anchor region is
most likely involved in the positioning of helix α1, whereas the
polar slide might play a key role in recognition of a presequence in
particular or in precursor translocation in general. All in all, we pro-
vide a structural basis for Tom40 and present feasible explanations
for various biochemical and biophysical data on the protein transloca-
tion channel of mitochondria. Thus, our results open the possibility of
a structure-guided investigation of Tom40.
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